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Resonant tunneling of electrons between two ferromagnets and a quantum dot in the presence of
an externally applied magnetic field reveals a strong gate dependence in the linear and nonlinear
bias regime. This gate dependence originates from the interplay between Coulomb interactions
and spin-dependent hybridization between the quantum dot and the leads. To take into account
Coulomb interaction strengths of the same order of magnitude as the external magnetic field and
the hybridization strength we adopt the numerically exact iterative summation of path integrals
(ISPI).
I. INTRODUCTION
The field of spintronics is under vivid research, where
the sphere of interest has broadened to the search for new
materials, new concepts for spintronic devices, as well as
new functionalities. One of the most fundamental devices
of spintronics is the spin valve, which found application
e.g. in magnetic sensors, as well as in magnetic random
access memory devices (MRAM). Spin valves are, e.g.,
realized in layered heterostructures, which show a strong
tunnel magnetoresistance (TMR) effect1,2. These devices
have strongly profited from the discovery of suitable 2D
magnetic materials in recent years3–5. Spin valves can
also be realized in quantum-dot devices. These systems
allow for a detailed control over single spins. As a result,
the impact of spin dynamics on quantum transport prop-
erties of such devices and also the manipulation of spins
in these systems is of great interest.
On an experimental level, several effects of quantum-
dot spin valve systems have been under investigation. It
is possible to control transport of single spins, and there-
fore the TMR, via a gate voltage. This has been shown
for an InAs quantum dot coupled to Ni electrodes6 as
well as for a carbon-nanotube quantum-dot setup7. An
external magnetic field has been demonstrated to com-
pensate the exchange field in these experiments, thus ef-
fectively enabling a measurement of the lead-induced ex-
change field. Also measurements of the Kondo effect have
been reported for both an InAs and as well as a carbon-
nanotube quantum-dot setup8,9. Again, for a setup in-
cluding a carbon nanotube as quantum dot the preces-
sion of an on-site spin can be harnessed and tuned via a
gate voltage10, and the magnetoresistance shows a strong
hysteretic behavior for temperatures lower than 30 K11.
From a theoretical point of view, the interplay be-
tween finite Coulomb interaction, nonequilibrium dy-
namics and spin-dependent resonant tunneling is chal-
lenging. The combination of Coulomb interactions and
spin-dependent tunneling gives rise to an exchange field.
It yields an interaction-induced spin precession, that -
up to first order in the tunnel coupling - depends sen-
sitively on all system parameters including bias volt-
age and temperature12. Based on different approxima-
tion strategies, there exist several sophisticated meth-
ods which are appropriate to tackle the interacting, spin-
dependent problem in a nonequilibrium situation. By
treating electron-electron interactions in Hartree-Fock
approximation, the TMR and the accumulated spin were
examined for a quantum-dot spin valve in a noncollinear
setup13. In the high-temperature limit, several peaks
in the quantum-dot spin valve’s conductance were dis-
cussed using a hierarchical quantum master equation
approach14. Within a weak-tunneling approximation in
a wide range of bias and gate voltages, characteristics of
the exchange field for a quantum-dot spin valve have been
discussed12,15. Also a multi-level island coupled to fer-
romagnetic leads16,17 has been treated on the same foot-
ing. It has been shown that the exchange field could be
probed via a third, superconducting lead18 as well as via
a spin resonance, that appears when the exchange field is
perpendicular to one of the leads polarizations19. The co-
herent dynamics of a quantum-dot spin valve have been
shown to be distillable from full counting statistics20. Re-
cently, tuning gate voltages on a quantum dot spin valve
has been suggested to switch magnetizations of the at-
tached leads21.
A strong influence of resonant tunneling on the TMR22
shows that it is essential to include all orders of the tun-
neling for a complete picture of the electronic transport
through small quantum-dot spin valves. For the regime
of linear response NRG approaches work well23–25. Us-
ing a DMRG approach, the local density of states as
well as the TMR have been calculated26. The Kondo
problem for a quantum-dot spin valve was tackled via
an equations-of-motion method27. For the sake of com-
pleteness, we note that quantum-dot systems attached to
normal metal leads are also studied by means of quantum
Monte Carlo simulations28, allowing, e.g. the study of the
time-dependent current through these systems as well as
the Green’s functions and occupation numbers29. The
short-to-intermediate time limit for, e.g. the tunneling
current could also be obtained by means of a generalized
iterative influence functional30.
In this work, we investigate the spin dynamics in res-
onant transport through a quantum-dot spin valve. We
focus on the interplay between Coulomb interaction, a
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2noncollinear setup of the leads’ magnetizations and a lo-
cal Zeeman field acting on the quantum dot in arbitrary
direction. We find a strong asymmetry in the current as
a function of the gate voltage. This effect is attributed
to the noncollinearity of the setup, the Zeeman field as
well as the Coulomb interaction, which gives rise to an
exchange field. Numerically exact iterative path integral
summations (ISPI) are carried out, where the scheme
is adopted for the spin-dependent case here. As a fur-
ther development of our method, local observables such
as the mean occupation of the dot and spin expectation
values are calculated within the scheme. The technique
is formulated on the Keldysh contour and builds upon
systematic truncation of lead induced correlations. It
has already been used to describe the current through
the Anderson model31,32. Current and TMR for trans-
port through a quantum-dot spin valve in collinear setup
were also discussed in an earlier work in Ref. 22. The
ISPI method excels in the study of the stationary limit
while all energy scales of the system are of the same order
of magnitude. In this regime, resonant tunneling leads to
a finite peak broadening. In fact, this peak broadening as
well as interaction-induced effects are both well resolved
within the ISPI scheme, which therefore is a useful tool
when discussing interacting quantum-dot spin valves.
Our article is structured as follows. In Sec. II we in-
troduce the Hamiltonian of our system. In Sec. III, we
outline how to obtain expectation values for spin and oc-
cupation number of the quantum dot by calculating the
coherent state path-integral on the Keldysh contour in
the presence of suitable source terms. Our results are pre-
sented in Sec. IV, outlining the convergence procedure in
order to obtain numerically exact results. A benchmark
for the noninteracting system is presented in Sec. IVA.
We present interaction-induced current asymmetries in
Sec. IVB. To complete the picture, we study the depen-
dence of the electronic transport on the angle between
the leads’ magnetizations in Sec. IVC.
II. MODEL
We study an interacting quantum-dot spin valve, which
comprises a quantum dot coupled to two ferromagnetic
leads, see Fig. 1 for a sketch of the system. Throughout
this work we set ~ = 1. The system is described by a
Hamiltonian consisting of three parts
H = Hdot +Hleads +HT. (1)
Electrons in the ferromagnetic leads α = L/R = ±1 are
described as a free electron gas
Hleads =
∑
αkτ
c†αkτ (kτ − µα)cαkτ , (2)
where kτ is the single-electron energy for spin projection
τ = ±, and µα is the chemical potential. Since we choose
the quantization axes of each lead along its respective
tL
<latexit sha1_base64="nQFvoT3c4Ibjeo/1hBgPUZ7+Jeo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoY2 ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopQfs3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZ JIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3XnXvLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuH Nkc6L8+58zFsLTj5zCH/gfP4ALy6NuQ==</latexit>
tR
<latexit sha1_base64="mXPNCy8YX/l3nexb7dC0PHcNxU8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF4 /xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJ DWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+86t5dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wps jnRfn3fmYtxacfOYQ/sD5/AE4Ro2/</latexit>
✏0 + U/2
<latexit sha1_base64="8XRxpN/GTa/II2FiTa8Ie1wKmgI=">AAAB9XicbVBNSwMxEM36WetX1aOXYBEEoe5WQY9FLx 4ruG2hXUs2nW1Ds8mSZJWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YcKZNq777Swtr6yurRc2iptb2zu7pb39hpapouBTyaVqhUQDZwJ8wwyHVqKAxCGHZji8mfjNR1CaSXFvRgkEMekLFjFKjJUeOpBoxqXouqf+WbVbKrsVdwq8SLyclFGOerf01 elJmsYgDOVE67bnJibIiDKMchgXO6mGhNAh6UPbUkFi0EE2vXqMj63Sw5FUtoTBU/X3REZirUdxaDtjYgZ63puI/3nt1ERXQcZEkhoQdLYoSjk2Ek8iwD2mgBo+soRQxeytmA6IItTYoIo2BG/+5UXSqFa884p7d1GuXedxFNAhOkInyEOXqIZuUR3 5iCKFntErenOenBfn3fmYtS45+cwB+gPn8wdxK5HO</latexit>
✏0   U/2
<latexit sha1_base64="1uYJ3Mzg0Uz8bNrDrHPzynbnQmA=">AAAB9XicbVBNTwIxEO36ifiFevTSSEy8iLtookeiF4 +YuEACK+mWWWjotpu2qyEb/ocXDxrj1f/izX9jgT0o+JJJXt6bycy8MOFMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8tUUfCp5FK1QqKBMwG+YYZDK1FA4pBDMxzeTPzmIyjNpLg3owSCmPQFixglxkoPHUg041J03VP/rNotld2KOwVeJF5OyihHvVv66 vQkTWMQhnKiddtzExNkRBlGOYyLnVRDQuiQ9KFtqSAx6CCbXj3Gx1bp4UgqW8Lgqfp7IiOx1qM4tJ0xMQM9703E/7x2aqKrIGMiSQ0IOlsUpRwbiScR4B5TQA0fWUKoYvZWTAdEEWpsUEUbgjf/8iJpVCveecW9uyjXrvM4CugQHaET5KFLVEO3qI5 8RJFCz+gVvTlPzovz7nzMWpecfOYA/YHz+QN0OZHQ</latexit>
eV
<latexit sha1_base64="oq5J2RGAod7owGLZ2etqRCdIUI8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZ ZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gK1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NIpObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsbTLgCpkRE0soU9zeStiIKsqMDadkQ/CWX14lrYuqd1l172uV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AHHHjUs=</latexit>
E<latexit sha1_base64="DuAd5xFQvdzT4FaAhB2Ub3ba5mk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeiyK4L EF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WDGSfoR3QgecgZNVaq3/VKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3 fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeG1n3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8i4pbvyxXb/I4CnAMJ3AGHlxBFe6hBg1ggPAMr/DmPDo vzrvzMW9dcfKZI/gD5/MHmZeMyw==</latexit>
µL
<latexit sha1_base64="Jxmx1wD88owPeqEN2HeQuI874Pg=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoY2 ERwTOB5Ah7m71kye7esR9COPIbbCwUsfUH2flv3CRXaOKDgcd7M8zMizPOtPH9b6+0srq2vlHerGxt7+zuVfcPHnVqFaEhSXmq2jHWlDNJQ8MMp+1MUSxiTlvx6Gbqt56o0iyVD2ac0UjggWQJI9g4KewK27vrVWt+3Z8BLZOgIDUo0OxVv7r9lFhBp SEca90J/MxEOVaGEU4nla7VNMNkhAe046jEguoonx07QSdO6aMkVa6kQTP190SOhdZjEbtOgc1QL3pT8T+vY01yFeVMZtZQSeaLEsuRSdH0c9RnihLDx45gopi7FZEhVpgYl0/FhRAsvrxMHs/qwXndv7+oNa6LOMpwBMdwCgFcQgNuoQkhEGDwDK/ w5knvxXv3PuatJa+YOYQ/8D5/AK3wjpc=</latexit>
µR
<latexit sha1_base64="PhUkHB6P0s1dkhHTHdtO6LXeLnM=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF4 9RXBNIljA7mU2GzMwu8xDCkm/w4kERr36QN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w8edWoVoSFJearaMdaUM0lDwwyn7UxRLGJOW/HoZuq3nqjSLJUPZpzRSOCBZAkj2Dgp7Arbu+9Va37dnwEtk6AgNSjQ7FW/uv2UWEGlI Rxr3Qn8zEQ5VoYRTieVrtU0w2SEB7TjqMSC6iifHTtBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69jTXIV5Uxm1lBJ5osSy5FJ0fRz1GeKEsPHjmCimLsVkSFWmBiXT8WFECy+vEwez+rBed2/u6g1ros4ynAEx3AKAVxCA26hCSEQYPAMr/D mSe/Fe/c+5q0lr5g5hD/wPn8AtwiOnQ==</latexit>
0
<latexit sha1_base64="wr5BFG1ada4v7vBKMeLQHxqtPjw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8 cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17 npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0 X5935WLQWnHzmGP7A+fwBecOMtg==</latexit>
pL
<latexit sha1_base64="2PLHDL6XDf+rQTMYfCr6V4ibVTM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoY2 ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYekd9crV9yqOwNZJl5OKpCj3it/dfsxSyOuk ElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6reedW9v6jUrvM4inAEx3AKHlxCDW6hDg1gMIBneIU 3RzovzrvzMW8tOPnMIfyB8/kDKRaNtQ==</latexit>
pR
<latexit sha1_base64="hAM33LbPbUnD66FrPtbbfrvn460=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF4 /xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD0nvvleuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk 9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb3zqnt3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+ OdF6cd+dj3lpw8plD+APn8wcyLo27</latexit>
}
<latexit sha1_base64="CoOw7iJPlwBuBhWVJXhg0YUETzg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF09SxX5AG8pmO2mXbjZhdyOU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z2 9/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD71pv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7plJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTsiF4yy+vktZF1busuve1Sv0uj6MIJ3AK5+DBFdThFhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwCi0o11</latexit>
*
<latexit sha1_base64="PQppg0vKY6B4JXzbOHp1GxvzSJ8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy 2m3bpZjfubpQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf+gpWWqCPWJ5FJ1QqwpZ4L6hhlOO4miOA45bYfjm9xvP1KlmRT3ZpLQIMZDwSJGsLFSp+cnWCn51K/W3Lo7A1omXkFqUKDZr371BpKkMRWGcKx113MTE2RYGUY4nVZ6qaY JJmM8pF1LBY6pDrLZvVN0YpUBiqSyJQyaqb8nMhxrPYlD2xljM9KLXi7+53VTE10FGRNJaqgg80VRypGRKH8eDZiixPCJJZgoZm9FZIQVJsZGVLEheIsvL5PWWd07r7t3F7XGdRFHGY7gGE7Bg0towC00wQcCHJ7hFd6cB+fFeXc+5q0lp5g5hD9wPn8APdKQGA==</latex it>
*
<latexit sha1_base64="PQppg0vKY6B4JXzbOHp1GxvzSJ8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy 2m3bpZjfubpQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf+gpWWqCPWJ5FJ1QqwpZ4L6hhlOO4miOA45bYfjm9xvP1KlmRT3ZpLQIMZDwSJGsLFSp+cnWCn51K/W3Lo7A1omXkFqUKDZr371BpKkMRWGcKx113MTE2RYGUY4nVZ6qaY JJmM8pF1LBY6pDrLZvVN0YpUBiqSyJQyaqb8nMhxrPYlD2xljM9KLXi7+53VTE10FGRNJaqgg80VRypGRKH8eDZiixPCJJZgoZm9FZIQVJsZGVLEheIsvL5PWWd07r7t3F7XGdRFHGY7gGE7Bg0towC00wQcCHJ7hFd6cB+fFeXc+5q0lp5g5hD9wPn8APdKQGA==</latex it>
eˆy
<latexit sha1_base64="Pv/1GgeatI4DYwM6RglQZBnj99o=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclaQKunBRcO Oygn1AE8JkOmmHTiZhZiKGkF9x40IRt/6IO//GSZuFth4YOJxzL/fMCRJGpbLtb2NtfWNza7u2U9/d2z84NI8afRmnApMejlkshgGShFFOeooqRoaJICgKGBkEs9vSHzwSIWnMH1SWEC9CE05DipHSkm823AipaRDm7hSpnBSFn/lm027Zc1irxKlIE yp0ffPLHcc4jQhXmCEpR46dKC9HQlHMSFF3U0kShGdoQkaachQR6eXz7IV1ppWxFcZCP66sufp7I0eRlFkU6MkyqVz2SvE/b5Sq8NrLKU9SRTheHApTZqnYKouwxlQQrFimCcKC6qwWniKBsNJ11XUJzvKXV0m/3XIuWu37y2bnpqqjBidwCufgwBV 04A660AMMT/AMr/BmFMaL8W58LEbXjGrnGP7A+PwB1+qU8Q==</latexit>
eˆx<latexit sha1_base64="2nxpZodbXqzhiPjLRwb6f8Wpoxg=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVZIq6MJFwY 3LCvYBTQiT6aQdOpmEmRtpCfkVNy4UceuPuPNvnLRZaOuBgcM593LPnCDhTIFtfxuVjc2t7Z3qbm1v/+DwyDyu91ScSkK7JOaxHARYUc4E7QIDTgeJpDgKOO0H07vC7z9RqVgsHmGeUC/CY8FCRjBoyTfrboRhEoSZO8GQ0Tz3Z77ZsJv2AtY6cUrSQ CU6vvnljmKSRlQA4VipoWMn4GVYAiOc5jU3VTTBZIrHdKipwBFVXrbInlvnWhlZYSz1E2At1N8bGY6UmkeBniySqlWvEP/zhimEN17GRJICFWR5KEy5BbFVFGGNmKQE+FwTTCTTWS0ywRIT0HXVdAnO6pfXSa/VdC6brYerRvu2rKOKTtEZukAOukZ tdI86qIsImqFn9IrejNx4Md6Nj+VoxSh3TtAfGJ8/1maU8A==</latexit>
eˆz<latexit sha1_base64="krEc9+4pa642l2IDuqxPbjOO6fo=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgqiRV0IWLgh uXFewDmhAm00k7dDIJMxOxhvyKGxeKuPVH3Pk3TtostPXAwOGce7lnTpAwKpVtfxuVtfWNza3qdm1nd2//wDys92ScCky6OGaxGARIEkY56SqqGBkkgqAoYKQfTG8Kv/9AhKQxv1ezhHgRGnMaUoyUlnyz7kZITYIwcydIZSTP/SffbNhNew5rlTgla UCJjm9+uaMYpxHhCjMk5dCxE+VlSCiKGclrbipJgvAUjclQU44iIr1snj23TrUyssJY6MeVNVd/b2QoknIWBXqySCqXvUL8zxumKrzyMsqTVBGOF4fClFkqtooirBEVBCs20wRhQXVWC0+QQFjpumq6BGf5y6uk12o6583W3UWjfV3WUYVjOIEzcOA S2nALHegChkd4hld4M3LjxXg3PhajFaPcOYI/MD5/ANlulPI=</latexit>
nˆL<latexit sha1_base64="G6w939xphNlCBQUexBQ7mJ3zAcs=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVZIq6MJFwY 0LFxXsA5oQJtNJO3QyCTM3Ygn5FTcuFHHrj7jzb5y0WWjrgYHDOfdyz5wg4UyBbX8blbX1jc2t6nZtZ3dv/8A8rPdUnEpCuyTmsRwEWFHOBO0CA04HiaQ4CjjtB9Obwu8/UqlYLB5gllAvwmPBQkYwaMk3626EYRKEmTvBkIk89+98s2E37TmsVeKUp IFKdHzzyx3FJI2oAMKxUkPHTsDLsARGOM1rbqpogskUj+lQU4Ejqrxsnj23TrUyssJY6ifAmqu/NzIcKTWLAj1ZJFXLXiH+5w1TCK+8jIkkBSrI4lCYcgtiqyjCGjFJCfCZJphIprNaZIIlJqDrqukSnOUvr5Jeq+mcN1v3F432dVlHFR2jE3SGHHS J2ugWdVAXEfSEntErejNy48V4Nz4WoxWj3DlCf2B8/gChfpTN</latexit> nˆR
<latexit sha1_base64="OhGHdxLczsQsCH6OlrJKXkKHRL8=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVZIq6MJFwY 3LKvYBTQiT6aQdOpmEmRuxhPyKGxeKuPVH3Pk3TtostPXAwOGce7lnTpBwpsC2v43K2vrG5lZ1u7azu7d/YB7WeypOJaFdEvNYDgKsKGeCdoEBp4NEUhwFnPaD6U3h9x+pVCwWDzBLqBfhsWAhIxi05Jt1N8IwCcLMnWDIRJ77977ZsJv2HNYqcUrSQ CU6vvnljmKSRlQA4VipoWMn4GVYAiOc5jU3VTTBZIrHdKipwBFVXjbPnlunWhlZYSz1E2DN1d8bGY6UmkWBniySqmWvEP/zhimEV17GRJICFWRxKEy5BbFVFGGNmKQE+EwTTCTTWS0ywRIT0HXVdAnO8pdXSa/VdM6brbuLRvu6rKOKjtEJOkMOukR tdIs6qIsIekLP6BW9GbnxYrwbH4vRilHuHKE/MD5/AKqWlNM=</latexit>
✓
<latexit sha1_base64="NxezZAi/2OcGxjA9seuckw+VtMA=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVFwM YygvmA5Ah7m71kzd7esTsnhCP/wcZCEVv/j53/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YCThPsRHSoRCkbRSq0ejjjSfrniVt05yCrxclKBHI1++as3iFkac YVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nrp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye50MhOYM5cQSyrSwtxI2opoytAGVbAje8surpFWrehfV2v1lpX6Tx1GEEziFc/DgCupwBw1oAoNHeIZ XeHNi58V5dz4WrQUnnzmGP3A+fwCjd48m</latexit>
Figure 1. A single-level quantum dot coupled to ferromag-
netic leads α = L/R with magnetization axes nˆα. The polar-
ization strength p = pα induces spin dependent hybridizations
Γατ = 2piρατ t
2
α. The Coulomb interaction is denoted U and
the single particle energy is 0. A bias voltage eV = µL − µR
drops across the quantum dot. In the presence of an addi-
tional Zeeman field, the spin degeneracy is lifted (sketched by
dashed lines).
magnetization nˆα, the spin index τ describes majority
(+) and minority (−) spins. Assuming the density of
states ρατ =
∑
k δ(ω− (kτ −µα)) constant and spin de-
pendent, the asymmetry between majority and minority
spins is characterized by the polarization pα =
ρα+−ρα−
ρα++ρα−
.
Possible values are 0 ≤ pα ≤ 1, where pα = 0 describes
a nonmagnetic electrode and pα = 1 a halfmetallic one.
As a common coordinate system for dot and leads we
choose eˆx = nˆR+nˆL|nˆR+nˆL| , eˆy =
nˆR−nˆL
|nˆR−nˆL| and eˆz = eˆx × eˆy.
As a consequence, both nˆα belong to the x−y-plane and
enclose the angle θ.
For the quantum dot we assume a single, spin-
degenerate orbital of energy E0. Electrons on the dot
are subject to a local magnetic field B (in units of gµB)
and the Coulomb interaction U , if the orbital is doubly
occupied. Hence, the dot Hamiltonian takes the form
Hdot =
∑
σσ′
d†σ[E0δσσ′ + (B ·S)σσ′ ]dσ′ +Ud†↑d†↓d↓d↑, (3)
where S = 12σ, while σ = (σx, σy, σz) is the vector of
Pauli matrices. The quantization axis of the dot is chosen
along the z-axis of the coordinate system defined before.
Thus the spin index of the dot σ = ↑, ↓ denotes the spin
projection along the z-axis. For later convenience we
make use of the operator identity 2d†↑d
†
↓d↓d↑ = d
†
↑d↑ +
d†↓d↓ − (d†↑d↑ − d†↓d↓)2 and absorb the quadratic parts
into the free Hamiltonian, leading to
Hdot =
∑
σσ′
[
d†σ[0δσσ′ + (B · S)σσ′ ]dσ′
− U
2
(
d†σ(σz)σσ′dσ′
)2 ]
,
(4)
with 0 = E0 + U/2 being tunable via a gate voltage.
3Coupling the leads to the quantum dot is achieved via
the tunneling Hamiltonian
HT =
∑
αkτσ
c†αkτYα,τσdσ + H.c., (5)
where we exploited the explicit SU(2) rotation to the
common underlying coordinate system for the symmet-
ric setup. Matrix elements Yα,τσ reflect spin-dependent
tunneling and are the elements of33
Yα = tαe
ipi
4 σyeα
iθ
4 σz =
tα√
2
(
eiαθ/4 e−iαθ/4
−eiαθ/4 e−iαθ/4
)
, (6)
with tα ∈ R being the tunneling matrix element. Spin-
dependent tunneling manifests itself in spin-dependent
hybridization strengths, given by Γατ = 2pi|tα|2ρατ . For
later use, it is convenient to define the average hybridiza-
tion strength for lead α, which is Γα = (Γα+ + Γα−)/2.
In what follows, we are going to assume a symmetric cou-
pling to the left and right lead and define Γ = ΓL = ΓR.
III. METHOD
Observables of interest are 〈Si〉, i = x, y, z, i.e. dif-
ferent spin-projection expectation values as well as the
quantum dot’s occupation 〈N〉 and the tunneling cur-
rent I at measurement time tm. Nonequilibrium prop-
erties are taken into account within a functional integral
formulation on the Keldysh contour22,34,35. Monitoring
these observables allows to obtain a complete picture of
the spin dynamics of the system. Within the construc-
tion of the functional integral, we will consider source
terms that allow to calculate observables O which are
given in terms of bilinear products of dot operators, as
O = O(d†σdσ, d
†
σ¯dσ, d
†
σdσ¯), which holds for 〈Si〉 and 〈N〉,
(how to obtain the current is described in Ref. 22). Ex-
pectation values may then be computed as
〈O〉 = −i δ
δη
lnZ[η]
∣∣∣
η=0
. (7)
Here Z[η] is the Keldysh generating functional of our sys-
tem, while η is a real-valued parameter. Note that within
the Keldysh formalism, propagation in time extends in
forward as well as backward direction, usually encoded
into a propagation along a closed time contour C. As
a consequence, the definition t˜ = (t, ν), with physical
time t and Keldysh branch index ν = ±, where (±) rep-
resent upper/lower branch, turns out to be useful. We
evaluate the Keldysh generating functional in the basis
of fermionic coherent-states ψ¯0σ,αkτ (t˜), ψ0σ,αkτ (t˜), which
are defined by the eigenvalue equations for dot degrees
of freedom
dσ (t˜ )
∣∣Ψ (t˜ )〉 = ψ0σ (t˜ ) ∣∣Ψ (t˜ )〉〈
Ψ (t˜ )
∣∣ d†σ (t˜ ) = 〈Ψ (t˜ )∣∣ ψ¯0σ (t˜ ), (8)
and for the leads accordingly. As usual, the generating
functional within the Keldysh formalism takes the form
Z[η] = tr ei(S+ηO(t˜m)), (9)
where S is the action of the system22,31,34, comprising
of contributions from dot, leads and tunneling, while
O(t˜m) = O[ψ¯0σ(t˜m), ψ0σ(t˜m)] is the source term, which
allows to calculate observables at measurement time tm.
Performing the trace in Eq. (9) does not pose any chal-
lenge on quadratic terms from leads and tunneling of the
Hamiltonian. In order to tackle the quartic interaction
term, we first discretize the Keldysh contour into 2N time
slices of length δt and perform a Hubbard-Stratonovich
(HS) transformation on each of these slices36,37
exp
−ν iδtU2
(∑
σσ′
ψ¯ν0σ(σz)σσ′ψ
ν
0σ′
)2
=
1
2
∑
s=±1
exp
{
−sλν
∑
σσ′
ψ¯ν0σ(σz)σσ′ψ
ν
0σ′
}
,
(10)
with s = ±1 being an Ising-like degree of freedom, and
the HS parameter λν is determined uniquely for 0 ≤ U <
pi/δt, see Refs. 22 and 31. As a consequence, it is possible
to trace over the dot degrees of freedom within Eq. (9),
which yields
Z[η] =
∑
{s}
det
[
∆−1[η]− ΣC(s)
]
, (11)
with the vector s = (s+1 , s
−
1 , s
+
2 , s
−
2 , . . . , s
+
N , s
−
N ), hence
the sum includes all 22N possible spin configurations
along the discretized Keldysh contour where each HS spin
couples to the z-spin component, see Eq. (10). We iden-
tify the inverse time-discrete Green’s function of the non-
interacting spin-valve ∆−1[η] = ∆−10 − ΣT + ηO(tm) in
the presence of the source term and the tunneling self en-
ergy ΣT . Note that only the charging self energy ΣC(s)
depends on all Ising spins s. The matrices have dimen-
sions 4N × 4N due to the Trotter slicing and the spin
degree of freedom.
To specify their matrix elements, we make use of multi-
indices a = (l, ν, σ), where the Trotter index l = 1, ..., N
labels the time slice, the Keldysh index ν = ± distin-
guishes the upper from the lower Keldysh contour, and
σ = ± labels the spin. The charging self energy ΣC(s) is
time-local and therefore a diagonal matrix
(ΣC(s))aa′ = δaa′λνσs
ν
l . (12)
In the absence of the source term, the Green’s function
of the dot in the presence of tunneling is given as
4(
∆−1[0]
)
aa′ =
∫
dω
2pi
e−iω(l−l
′)δt
[
ν[(ω − 0)σ0 −B · S]σσ′δνν′δσσ′ − i
2
∑
α
(
Γˇα
)
σσ′ (Fα(ω))νν′
]
. (13)
Here the hybridization between dot and lead α is de-
scribed by the matrix
Γˇα =
(
Γα e
−αiθ/2pΓα
eαiθ/2pΓα Γα
)
, (14)
in spin space which takes into account arbitrary angles θ
between the magnetizations of left and right lead. Fur-
thermore, (Fα(ω))νν′ are the matrix elements of the 2×2
Keldysh matrix
Fα(ω) =
(
2fα(ω)− 1 −2fα(ω)
−2fα(ω) + 2 2fα(ω)− 1
)
, (15)
where the Fermi function fα(ω) =
[exp(β(ω − µα)) + 1]−1 describes the equilibrium
occupation distribution of lead α.
For the source term ηO(tm) in Eq. (11) we outline the
functional form for calculating the occupation number
operator N and the operators of the spin projections
along the three directions Sx,y,z. Using the definition
for the lesser Green’s function
G<σσ′(t, t
′) ≡ −i
〈
TC
[
dσ(t,+)d
†
σ′(t
′,−)
]〉
= i
〈
d†σ′(t
′,−)dσ(t,+)
〉
, (16)
with TC being the contour ordering operator. We find
for the observables of interest
〈N〉 (t) = tr (G<(t, t)) ,
〈Sx,y,z〉 (t) =1
2
tr
(
G<(t, t) · σx,y,z
)
.
(17)
Since the operators act on different branches of the
Keldysh contour, the limit of equal time arguments t = t′
is well defined. In particular for the occupation number
we have the following expression
ηNaa′ = ηδlmδl′mδν−δν′+δσσ′ , (18)
which is a matrix containing two nonzero elements at
Trotter slice m = tm/δt. Note that similar expressions
are obtained for Sx,y,z. For numerical convenience we use
the modified generating functional Z˜[η] ≡ (det ∆[0])Z[η]
rather than Eq. (11) to obtain our results22,31.
Since it is known that lead-induced correlations, and
therefore the Green’s function of the noninteracting sys-
tem, i.e. ∆[0]aa′ , decay exponentially with increasing
(l, l′) at finite temperature and/or bias voltage, we trun-
cate those correlation. In turn, the Keldysh gener-
ating functional might then be calculated by the nu-
merically exact scheme of iterative summation of path
integrals22,31,32, whose main building blocks are outlined
in App. A.
−0.08
−0.06
〈S
x
〉
(a)
c0 = −0.0784(1)
c1 = −0.0368(8) c2 = 0.006(1)
c0 = −0.05710(5)
c1 = −0.0315(3) c2 = 0.0119(4)
0.00 0.25 0.50
δtΓ
0.012
0.014
0.016
0.018
〈S
y
〉
(b)
c0 = 0.0143(3) c1 = −0.009(2)
c2 = 0.009(3)
c0 = 0.0180(2)
c1 = −0.013(1)
c2 = 0.005(1)
0 1 2
1/(ΓtK)
0.02
0.04
0.06
0.08
0.10
0.12
|〈S
x
/y
〉|
(c)
Sx; ²0 = 0
Sx; ²0 = Γ
Sy; ²0 = 0
Sy; ²0 = Γ
Figure 2. Extrapolation procedure for x- and y-component of
spin expectation values. In panel (a) and (b) the elimination
of the Trotter error for correlation time ΓtK = 1.0 is shown as
fitting data for different time increments δt. (c) Example of
the linear regression for the absolute values |Sx,y| as function
of 1/(ΓtK) after elimination of the Trotter error. Solid lines
represent linear fits to the data. Other parameters are kBT =
0.2Γ, U = 0.5Γ, eV = 0.1Γ, By = 0.2Γ, p = 0.5, θ = pi/2.
IV. RESULTS
In what follows, we present results for the symmetric
case. This means that the lead polarizations are chosen
such that pL = pR = p, whereas hybridization strengths
are ΓL = ΓR = Γ. The angle θ between the leads’ mag-
netizations is θL = −θR = θ/2, cf. Eq. (6) and the bias
voltage is defined by µL = −µR = eV/2. Since we are es-
pecially interested in resonant transport and spin effects,
kBT  Γ in the following. It has been shown before
in Ref. 22 that a weak-coupling theory does not apply in
this regime, while the ISPI method is able to give reliable
predictions, once convergence is reached.
When applying the ISPI scheme, two systematic errors
are accumulated, that is (i) the finite time increment δt
and (ii) the truncation of lead-induced correlation. To
eliminate both errors, we (i) compute the observable of
interest at a fixed correlation time tK and different values
of δt. This gives a set of realizations for every observable
O(tK , δt,l), l = 2, . . . , 7 which we fit against the polyno-
mial expression O(tK , δt → 0) = limδt→0
∑n
i=0 ciδ
i
t. This
means that O(tK) is given by the constant c0 which in-
herits a natural deviation due to the (non)linear fitting
procedure. In practice we have chosen Γδt ≤ 0.5 which
allows to resolve all physical properties for finite bias volt-
age and temperature. Note that for current expectation
values the fitting function is linear in δt, whereas 〈N〉 and
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Figure 3. Linear conductance through the noninteracting
spin-valve as a function of gate voltage 0 for (non)collinear
lead magnetizations. An external Zeeman field of strength
Bz = 2Γ is applied in x-direction. Other parameters are
kBT = 0.2Γ, eV = 0.1Γ, p = 0.5.
〈Si〉 have been fitted with quadratic order to sufficient ac-
curacy for all gate voltages−2Γ < 0 < 2Γ. Examples are
shown in Fig. 2 (a), (b) and previously in Refs. 22 and 31.
We repeat the δt → 0 fitting for 0.5 ≤ tKΓ ≤ 2.5 and if
possible extrapolate for 1/(ΓtK) → 0, which eliminates
the truncation error as well, see Fig. 2 (c). Hence, all
presented results are numerically exact, error estimates
are given by the standard deviations of the subsequent
extrapolations. We are confident that convergence is en-
sured for small up to intermediate Coulomb interactions
of U ≤ 2Γ for the spin-valve quantum dot. Observables
reflect their stationary values for Γtm > 10 such that pos-
sible transient behavior is absent from the shown data.
A. Benchmark: Noninteracting Case
As a benchmark, we discuss the noninteracting
quantum-dot spin valve in the presence of an external
Zeeman field. In the absence of interactions, the tunnel-
ing current as well as mean occupation number and spin
expectation values are calculated analytically. For the
current, a Meir-Wingreen formula38 in terms of nonequi-
librium Green’s functions applies also for the quantum-
dot spin valve. The explicit formulae for the respective
spin expectation values are given as examples in App. B.
In Fig. 3 the linear conductance in the presence of
an external magnetic field Bz = 2Γ as a function of
gate voltage 0 is shown for three different setups of
lead magnetizations, namely parallel (θ = 0), orthogo-
nal (θ = pi/2) and antiparallel (θ = pi). Further param-
eters are kBT = 0.2Γ, eV = 0.1Γ and p = 0.5. We
compare the analytic results (solid lines) with ISPI data
(symbols). Note that ISPI error bars are of the order of
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Figure 4. The four local observables 〈N〉, 〈Sx,y,z〉, for the
noninteracting case as a function of 0. Parameters are chosen
as in Fig. 3
.
the symbol size. Resonant transport through a nonin-
teracting single level results in a Lorentzian conductance
profile as a function of the gate voltage 0, with maxi-
mum at 0 = 0 and width determined by the tunneling
coupling strength Γ at low temperature kBT < Γ, regard-
less of the ferromagnetic properties of the leads. A finite
magnetic field lifts the spin degeneracy, and two maxima
develop as a function of 0 with distance Bz/Γ. Due to a
finite temperature and tunnel coupling Γ, the peaks are
not completely separated, i.e. the peak-to-peak distance
is less than Bz/Γ = 2 here. The peaks’ width is maxi-
mal for the antiparallel case and minimal for the parallel
setup. Also, the two peaks are symmetric with respect
to 0 = 0 for all angles θ, since an external magnetic
field in z-direction does not break the system’s particle-
hole symmetry at U = 0. ISPI data perfectly match the
analytical data.
In Fig. 4 we present (local) observables, occupation
and spin-projection expectation values for the same pa-
rameters as in Fig. 3 as a function of 0. Again, ISPI
data (symbols) are compared to the analytic results (solid
lines). We find a doubly occupied dot for large negative
gate voltages 0 < −2Γ and an unoccupied dot for gate
voltages 0 > 2Γ. At the particle-hole symmetric point
0 = 0 the dot is singly occupied. Differences for the dif-
ferent angles are marginal. Regarding spin expectation
values, we find finite 〈Sx〉, which is particularly devel-
oped for θ = 0 and θ = pi/2 due to resonant tunneling
effects, as opposed to lowest-order-in-Γ predictions for
the quantum-dot spin-valve12. A small but finite 〈Sx〉
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Figure 5. (a) Linear and (b) nonlinear differential conduc-
tance through the interacting spin-valve as a function of gate
voltage 0 for noncollinear lead magnetizations. An external
Zeeman field of strength Bz = 2Γ is applied in z-direction.
Other parameters are kBT = 0.2Γ, θ = pi/2, p = 0.5, and
eV = 0.1Γ in (a) and eV = Γ in (b). Shaded areas are error
estimates.
for θ = pi is addressed to the external magnetic field. We
observe symmetric 〈Sy〉 curves with respect to 0 = 0 for
θ = pi and θ = pi/2, whereas 〈Sy〉 = 0 for θ = 0, see
Eqs. (B1), where 〈Sy〉 ∝ sin(θ/2). The footprint of the
external magnetic field applied in z-direction is reflected
in 〈Sz〉, where a clear minimum at 0 = 0 is visible. Also,
the dependence on the enclosed angle θ is superposed by
the external field and hence marginally detectable.
We note in passing that when applying an exter-
nal magnetic field in x-direction (not shown here),
left/right symmetry is broken. The coupling to the leads,
i.e. Γα± = Γα(1 ± p) for p 6= 0, is reflected in a
stronger/weaker coupling of majority/minority spins to
the dot, which results not only in a splitting of the con-
ductance, but also in different conductance contributions
when changing gate voltages. Breaking left/right symme-
try is most pronounced for parallel lead magnetizations
θ = 0 and is reduced for finite 0 < θ < pi and absent
for θ = pi. To sum up our findings for the noninteract-
ing case, we have ensured that ISPI data match perfectly
with the analytic solution for all observables and the full
range of temperatures, gate and bias voltages as well as
lead polarizations and angles.
B. Interaction-induced current asymmetry
We now turn to the case of finite Coulomb interac-
tions, which is relevant for small quantum dots. We
start out with the settings as in Fig. 3, i.e. kBT = 0.2Γ,
eV = 0.1Γ and p = 0.5 and perform ISPI calculations for
several Coulomb interaction strengths 0 ≤ U ≤ 2Γ with
lead magnetization chosen noncollinearly, θ = pi/2. For
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Figure 6. Linear conductance as a function of an applied mag-
netic field Bz for different values of 0. The noninteracting
case (solid lines) is compared to the case of U = Γ (shaded ar-
eas are error estimate). Other parameters are as in Fig. 5(a).
small bias voltages, i.e. the linear conductance regime,
we find the results shown in Fig. 5(a). Spin degeneracy
is lifted by the Zeeman field and in the absence of in-
teractions U = 0, see blue solid line, we observe peaks
at 0 ≈ ±Bz. Finite Coulomb interaction U 6= 0 breaks
the spin (particle-hole) symmetry, i.e. G(0) 6= G(−0).
Peak positions are renormalized and located at 0 ≈
±(Bz + U)/2. Strikingly, the heights are modified ac-
cording to the strength of the interaction strength. The
conductance peak for 0 > 0, attributed to spin σ = ↑-
channel is higher whereas its counterpart 0 < 0 for σ = ↓
is suppressed. This interaction-induced asymmetry be-
comes more pronounced for increasing U . As this ef-
fect vanishes for collinear lead magnetizations θ = (0, pi)
and for U = 0, we conclude it to be a spin-dependent,
interaction-induced current asymmetry. Turning to the
nonequilibrium setup, i.e. eV = Γ, see Fig. 5(b) we note
that the Zeeman splitting is smeared out by the finite bias
voltage of comparable order, e.g. the blue solid curve for
U = 0. Nevertheless, finite U > 0 lifts the spin degener-
acy of the energy level and a splitting evolves for interac-
tion strengths U ≥ Γ. Again, with increasing Coulomb
interaction strength, the asymmetry of the peak splitting
increases. As opposed to the linear-response regime, this
effect is less pronounced, probably due to the washing
out of quantum effects at large bias voltages. However
in the hybrid regime studied here, nonequilibrium and in-
teraction effects should be treated on the same footing,
as is possible with the ISPI method, in order to obtain a
complete physical picture.
To further illustrate the appearance of the interaction-
induced asymmetry, we show in Fig. 6 the linear conduc-
tance G(Bz) for different gate voltages 0 and Coulomb
interactions U = 0 and U = Γ. As stated earlier, for
U = 0 all curves are symmetric, which holds also as
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Figure 7. Spin expectation values and occupation number
in the nonequilibrium regime, see Fig. 5(b). ISPI data are
given as dashed and dashed-dotted lines, with shaded areas
reflecting the corresponding error estimates. Parameters are
as in Fig. 5.
a function of external magnetic field Bz, i.e. left/right
symmetry is intact. Finite U instead serves to break this
symmetry, and the conductance is sensitive to the sign of
the magnetic field, resulting in asymmetric lineshapes in
the figure. Note that finite 0 6= 0 enhances the asymme-
try, as the conductance is split by the external magnetic
field.
In order to complete the picture, we discuss again local
observables. The occupation N and 〈Sx,y,z〉 are shown
in Figs. 7(a)-(d) for parameters as in Fig. 5 and finite
bias voltage eV = Γ. We find that 〈Sx〉 and 〈Sz〉 dis-
play a certain asymmetry, also in the noninteracting case,
once the bias voltage is increased, which is absent in the
linear-response regime (not shown here). Having a fi-
nite Coulomb interaction, the exchange field plays a role
as well, i.e., an interaction-induced magnetic field which
stems from inherent coherences of the system. It has
been calculated to first order in the hybridization12,18.
It is generated by the Coulomb interaction and oriented
in direction of the lead magnetizations, of course its par-
ticular form depends also strongly on all other system
parameters. The impact on 〈Sx,y,z〉 is visible when in-
creasing Coulomb interaction strength. The x- and z-
components are barely affected qualitatively by the in-
creasing Coulomb interaction, yet they preserve their
general behavior and the curves are shifted towards more
negative values in the respective expectation value, see
panels (b) and (d) in Fig. 7. For the y-component,
however, U 6= 0 changes the line shape significantly.
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Figure 8. Angular dependence of the linear conductance
through the quantum-dot spin valve. In the main panel,
ISPI data for different θ are shown (shaded areas are error
estimates). For comparison in the inset the results from se-
quential tunneling (denoted by the shorthand seq.) are given.
Parameters are kBT = 0.2Γ, U = 2Γ, p = 0.5 and B = 0.
While for the noninteracting case the y-component is
suppressed at low bias voltages, see Fig. 4(c), Coulomb
interaction introduces an additional, asymmetric contri-
bution to the y-component. With increasing eV the y-
component is not suppressed anymore, see Fig. 7(c).
C. Angular Dependencies
In the remainder of our work, we discuss the influence
of the angle θ enclosed by the lead magnetizations on
the linear conductance. Fig. 8 shows the linear conduc-
tance G(θ)/G(θ = 0) for parameters as in Fig. 5 and
U = 2Γ in the main panel. The inset reviews the out-
come of the perturbative calculation of Ref. 12. Note that
G(θ)/G(0) is closely related to the TMR, see Ref. 22, in
fact TMR = 1 − G(pi)/G(0). Due to the finite polar-
ization p, all datasets have a pronounced minimum at
θ = pi. Taking into account resonant tunneling effects,
we observe that the minimal value varies strongly for
different gate voltages, 0, such that G(θ)/G(0)|0=Γ <
G(θ)/G(0)|0=0 < G(θ)/G(0)|0=3Γ. This behavior is
consistent with our previous findings22.
V. CONCLUSIONS
In conclusion, we have studied quantum transport
properties of an interacting quantum-dot spin valve in
the resonant tunneling regime by means of the numer-
ically exact ISPI scheme. As an extension to previous
works, local observables as dot occupation and spin ex-
pectation values have been implemented. The choice of
8noncollinear magnetization direction of the leads pose no
problems and we have performed adequate benchmark
checks of the noninteracting system.
Our main finding is an interaction-induced asymme-
try in the current profile when changing the gate volt-
age. An additional Zeeman field together with a small to
intermediate Coulomb interaction produces asymmetric
current lineshapes, as the spin-symmetry together with
left/right-symmetry, is broken. We were able to trace
back this asymmetry in the linear and differential conduc-
tance to the y-component of the spin projection, which
is also strongly influenced by Coulomb interactions. The
interaction-induced exchange field does highly depend on
resonant tunneling effects, which lead to a strong asym-
metry effect in the conductance as well as in the spin
projections of the quantum dot. This effect is most pro-
nounced at small bias voltages, but does also survive a
finite bias voltage that drives the system out of equilib-
rium, as long as resonant tunneling effects have an impact
on the underlying physics.
Finally, we discussed the dependence of the conduc-
tance when varying the angle between the leads’ magne-
tizations. We found significant differences between reso-
nant and sequential tunneling, which are consistent with
our earlier predictions of the TMR.
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Appendix A: Iterative Summation of Path Integrals
In the following, the numerically exact scheme of it-
erative summations of path integrals (ISPI) is summa-
rized. It has been applied to several transport sit-
uations for small, interacting quantum dots in recent
works22,31,32. The starting point is Eq. (11) in the main
text, which poses the problem that summing over all
22N spin configurations is impossible, especially when
N → ∞. The ISPI method builds upon the observa-
tion that the Green’s function ∆[0], cf. Eq. (13), of
the quantum dot in the presence of the leads decays
exponentially with increasing time differences. This al-
lows us to truncate ∆[0] for time differences t − t′ =
(l− l′)δt larger than some characteristic correlation time
tK = Kδt, such that ∆[0] = 0 for |l − l′|δt > tK , with
l = 1, . . . , N . After the truncation we are left with
a block tridiagonal matrix G that consist of 4K × 4K
blocks Gnn
′
, with n = 1, . . . , NK = N/K. For con-
venience, within our scheme we arranged the appear-
ing HS spins line-wise. It then follows that each block
Gnn
′
in its n-th row depends on 2K distinct HS spins
sn =
(
s+(n−1)K+1, s
−
(n−1)K+1, . . . , s
+
nK , s
−
nK
)
. The deter-
minant of a block tridiagonal matrix can be calculated
iteratively22,39, such that
Z[η] =
∑
{s}
NK∏
n=1
det Gˇnn (A1)
where Gˇnn is defined as
Gˇnn = Gnn −Gn,n−1 [Gˇn−1,n−1]−1Gn−1,n (A2)
with the starting condition Gˇ11 = G11. To keep consis-
tency we approximate Gˇnn by
G˜nn = Gnn −Gn,n−1 [Gn−1,n−1]−1Gn−1,n, (A3)
that is we replace
[
Gˇn−1,n−1
]−1
with
[
Gn−1,n−1
]−1 in
Eq. (A2). Following this approximation G˜nn and con-
sequently its determinant depends on 4K HS spins sn
and sn−1. This gives a total of 24K different values of
det G˜nn, stemming from the different configurations of
the HS spins. We arrange these values in a 22K × 22K
matrix
Λn,n−1 = det G˜nn[sn, sn−1], (A4)
where each row corresponds to one of the 22K configu-
rations of sn and each column to one of the 22K con-
figurations of sn−1. We also define a 22K row vector
〈1| = (1, 1, . . . , 1) as well as the 22K starting column vec-
tor |Λ1〉 with
|Λ1〉 = detG11[s1]. (A5)
The Keldysh generating functional can then be written
in the following compact way
Z[η] = 〈1|ΛNK ,NK−1 . . .Λ2,1 |Λ1〉 . (A6)
Appendix B: Spin expectation values
Spin expectation values for each projection direction
are obtained in the absence of interaction, i.e. U = 0,
analytically. We provide explicit formulae in the presence
of a finite magnetic field Bz, which we use to benchmark
the ISPI data in Sec. IVA. In the following we make
use of the shorthand notation cγz = [(ω − 0)2 + γB2z +
(Γ2p2 cos(θ)− Γ↑Γ↓)/2] with γ = ±1,
9〈Sx〉 =
∫
dω
4pi
[
2Γp cos
(
θ
2
) (
(ω − 0)2 −B2z + Γ2
(
p2 cos2
(
θ
2
)− 1))
(c−z )2 + 4Γ2(ω − 0)2
[fL(ω) + fR(ω)]
− 4BzΓ
2p sin
(
θ
2
)
(c−z )2 + 4Γ2(ω − 0)2
[fL(ω)− fR(ω)]
]
(B1)
〈Sy〉 = −
∫
dω
4pi
2Γp sin(θ/2)c+z
(c−z )2 + 4Γ2(ω − 0)2
[fL(ω)− fR(ω)] (B2)
〈Sz〉 =
∫
dω
4pi
[
4BzΓ(ω − 0)
(c−z )2 + 4Γ2(ω − 0)2
[fL(ω) + fR(ω)] +
2Γ2p2(ω − 0) sin(θ)
(c−z )2 + 4Γ2(ω − 0)2
[fL(ω)− fR(ω)]
]
. (B3)
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